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REVIEW OF SOLUTION APPROACH, METHODS, AND
RECENT RESULTS OF THE TRAC-PF1 SYSTEM CODE

John H. Mahaffy,

Deflnis R. Llles, and
Thad D. Knight

Safety Code Development
Energy Division

Los Alamos Nstional Laboratory
Los Alamos, New Mexico 87545

The current vcrgion of the Tranelent Reactor Analysls Code
(TRAC-PF1) was created to improve on the capsbili.tics of it~ predecessor

(TRAC-PD2) for analyzing slow reactor transients such as small-break
loss-of-coolant accidents. TRAC-PF1 continues to use a semj-implici,t
fini.:c-differenr.e metl~od for modeling three-dimensional flows iri the

reactor vessel. However, it conttiins a new etabi.li.ty-enhancing two-step

(SXTS) fini,te-difference technique for onc-dlrncnsioual flow calr.uln-
tions ● This method is not restricted by n material Courant ~tnbility
condition, allowing much larger tlmc-~tep si,z~s durtng EIL)W Lrunsi.ent6

than would a semi-implicit method. These have Imcn ~ur.ccssflllly npplicd
tc the analysis of a vnricty of cxpcrlmcnt~ und hypothetic]. plant.

trfintiients covcrlng a full rungu of two ,phasc flow re~imos.
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REVIEW Ol? SOLUTION APPROACH, METHODS, AND

RECENT RESULTS OF THE TRAC-PF1 SYSTEM CODE

INTRODUCTION

In this paper we provide a simple description of the cumerical methods
used to model two-phase flow in veralon PF1 of the Transient Reactor Analysis
Code (TRAC-PF1)l and eummarize recent results produced by this code. Tt,i?
mair difference in methods between this and previous versions of TiUlC2 Is in
one-dimensional modeling of flow. It is now possible to model an entire
reactor system with one-dimensional components. This allows the uoer to take
advantage of the new stabtli.ty-enhancing two-step method (SETS),3S4 which
removes the material Courallt stnbiltty limit from all onc-d~.mensional
regions. With this approach, it is po~siblc to model many problems with much

larger time steps than were pruviou~ly possible. If needed, a
three-dimcnsionnl vessel opti9n :s ilvtil L,able. However, this option still
uses :1 semi-impliclt fj,njte-di ffcrcnr.c tl!rhniquc, nnd is therefore rcstrictl!d
by tl)e mntcrinl Courunt Li.mi,t.



BASIC EQUATIONS

To demonstrate the TKAC-PF1 numerical methods, we will cop.sider a

simplified model for one-dimensional , single-phase flow in a pipe. The

differential equations for this model are:

ap
~+ v “ pv= o ,

t)pe
—+ V ● peV = -p V ● V+h (Tw- T) ,

at

and

::–: + v ● Vv = - -1-Vp - KVIV1.
p

(2)

(3)
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‘h 9 (Yv) = (~j+l/, ‘fv>j+l/2- Aj_l/2 <y~’>j_l/2) /volj . (5)

where A Is the area of tile [ ’11 edge and Volj the cell vol~lme. The term VVV

becomes

“j+l/2 “j+l/2 I
-“j-@/*j+l/2~v = “’j+l/2 (“j+l/2 vj+l/2 ~ ‘)

“j+l/2 ‘vj+3/2 1-“’j+l/2) /hj+l/2) ‘j+L/2 < “ ‘ ‘6)

where Axj,+l/2 = 0.5 (AXj + AXj+lL This choice of Axj+l/2 for equation 6 was

ncce6sary for more accurate calculation of pre66ure drop6 in pipe6 modeled
with a nonuniform me6h than is provided witl) a donor cell, ‘xjA1/2”

For the flow model given by e(luation6 1-3, the combination of basic and

6tabilizer equation sets can be written in several way6 WitliOUt slgnificnntly
affecting the resul.t6. For example, the 6t&11.)llizer step mny precede the
baeic 6t[~p for all cquatlons, or the basic 6tcp mny bc done before the
fltabilizer 6tep. When the SETS mcthcid is adnptcd to the two-fluid modt?l for
Lwo-pha6e flow, several orderings of the diffcrenre cquntions can c{~use
growing ol;rillationfi from fccdh~ck ‘hrou~;h interfnrlal frir~ion tcrm~. Some
of thcR(! fecdhack problems are rnthcr tiuhtlc and o[ll.y orcllr when the
onc-dimcn[:ionnl mesh form~ n clos(~d loop. OIIU ordcrin~; tllilt tS illWilyS Stlll)lc
begins with the Ht,nhil.l,zur Btcp for tllc cquntlons of motion, IS followed by :1
Holution of thu hnstc c,lu~ltion Hvt for 1111 equull[ons , ;1ml (! nd s Willl II

s~ilhl lizer Ht(!p for th(i mn~~ illi(l oncrgy IJqll;lt lf)ll H . For th{s ord~!rin~;, the
swrs filllt,!-dlfl”ercll(’e Uqu;ltlolls for c!quntion~ 1-3 nrc:



STABILIZER EQUATION OF MOTION

-t-
1

(P:+~ - p;)

<P>~+l/2Axj+l/2

(7)

where

IP = o) ‘j+l/~71 < (j

I 1
-[l > () ;

1’ vj+l/2~’

(’))

(10)



and

STABILIZER MASS AN~” ENERGY K~UATIONS

(Pyl - P?)/At + Vj ● (pn+lvn+l) = o ;

~prj+lejn+l .
P~~) /At + Vj . (pn+len+lvl~+l)

‘-n+l ~+p ~ (T~j● (v’’+!)- j _ in+ 1
jj

~)=o.

(11)

(12)

A tilde above a variable indicates that it i.s the result of an f.ntermcdl.ate

step and is not the fillnl value for LI)C time step.

Equntjons 8-10 ure very s]milar to n nnc-dimen~i~nal single-phase

vcr6fon of the difference equations used for the TRAC vessel co,nponcnt.

These Semi-irnplici t equlltions r,an lx? obtained hy dropping all tildes from

cquati.ons 8-10 nnd replnrin}l tile VW {II equation 8 with V~+l/2 Vj+l/~Vn. I.n

ndd~ttonl the pressure work tetm for LI1(! tllrcc-dilncnslol~;ll energy equation i.:
pll V . V“+l rather thar p 11+1 v . Vn”tlm T}]is rllnn[;c in the work term wiIs mar.ld

hcrausc In t.hc tl)rcc-dllnc~l]slonill nllmcrics,
equattonti are HoLvI~ti, nnd LIN! l.i.l(!arl.zed form OE

~~~f ~’~cvn~~n(’nri~ed flow
ran produrc

nonpllyslrill rcsul,rti for sudd(!n, uuuxpert(!d rhangc~s in prutisurv.

m? Ilc!ilt-trllll!ifcr Lcr~l ill’ (’l’; - Tn”:-] ) Wil!i wrl tt[!ll ill tills form L()

mllllmlz(’ (’ollplt Ill: huLw(!(! II 1,11(! Ilydrodyllilmlr II11(1 h.~ilt-tr;iusfur Soluclf)ll

prorerlllrcti. TO miifntlllll ~till)lllty fIl rl!};ionr; Of rupid rllilll}:~ of II, P Is :111

ilvuril}:~! of tl!r Iluilt-trllnlifer roufl”lrl(!nt (’VIII Ilfltcd il~ Lllllt! lCVL! 1, ;1Ild Lll *
l:ver;i}~(!( I rollffirl(!uL f r(m I,C’VG1 11-1

‘T1- ](iJ’ = 0.4S h“ + !).5511 ). An

t’XpUrlm(!ll L;ll vcrtiloll 01: TKA(:-lIFI (!xlsl.~’ WI tll I’lllly jmpll~’lL h(!;lt.-~fnnsfur
It”rm:l, [,,,,+1 ( pJ+ 1 - ‘J’’’+”l) ]*’;

‘rht~ mlltorl~ll Cf)llr:lllt I:t;ll)l 1 Ity 1 Imlt, 1s (tliminntu(l hy tren~m(’nt of tll(’

1(’rm~ VVV, VOpV, ;III(I VOp(IV illlrl[l}! 1’1)!’ t.W() !J~I1pH ● ‘rlll~!4(’ II r(~ 1.11(! t lirm!:

I Ilv{)l V[lll Ill .41,(, i 1)1ol”nlllf 1o11 prol):l}~;ll, I 1)11 tl’111 Wll !1 (; I !4f’(lll!J[~i I [1 1:11(8

[ 111.ro(l(wl. I 1)11. I’lml)t. (’l’l 1011 :1}::1 I 11!:1 Hf)llll’ 1)1 11(’1’ IIII;~:Il)[ lftl(lIi Il:lt; 1)111’11 oht:lln(’{i
wIIII 1111* I);lrt. lrll];lr form I or [.!I(~ I rl(. t. 11)11 I (Irm!; 1111(1 1.11(” III;I* of nt)ll zero VII I UL!:;

,)1 [1 [II I,II,B VVV 1(’rms. ‘1’II(IMII spi’r i 1 I t I-t-m!: for I’rlrt 1011 III)(I VVV ur(~ 01)1:11I 11(*11
by I I lll’:I;;’J f I 11): ‘J[mll:lr I ~lrm!; I 11111 ;11”1’ 1111 Iy IIl!plll’ 11. I II v[, I(](. I I.y (Ki;.l.l /;),

@;H/2 lv,lll/21
JIl,(l v:~;j/’?v,lll/2 Vlll 1) .

Iiqllflt 11)11 / !lll; 1:)1y I- I* I) I” I) I; (*III !1 :1 t III,II:I};OIliII 11111.:11 !iy:it.t~m III [:il~’ Illlkll[lwli
Jll I

.’Illll I !1 ,lolv?~(l Ill”!il. N(’xl , I Ill’ ,.,JIII)I I*I1 110111 I 11(*:11’!;y!il (’m }! I v~’1~ l~y

1’1111:11 11)11!: }1-i(i l:; !Iolvl’(1. i)l)l ill Ili of I Ill! :101111[(111 ill”l)l”rlilll”ll 1“,,1. I I)(l!;lt

l~lilllll il)ll!l /l 1’1’ llrt~~l(’1)1~’(1 ill 1111* It]l lI~Wlll}: :11.(’I 1011. I)llt’1* I 11(1:,* 1’111111111111!1 ill”l’

lll)lvl~ti , V1ltl I!I kllowll; Ilt,lll’1, l~lill,ll [1,11:1 I 1 :1!1,1 l) 111”1’ IJ Iml}l ~’ I I’i(l I :I}!l)lllt I

I illl$:ll’ l:V!lt I’IIl!l, wlltI IIllkllowl]!: 1):/’ ‘ 1111(11)’/1 ill ,1~11 , I’1*111)1*1’I ivl,i y.



When this equation set i.s adapted to flow in complex piping networks,

the pure tridiagonal structure is lost. However, the matrice6 are still

sparse and easily solved.

A standard linear stability analysis predicts unconditional stability
for this 6et of difference equations; a result verified by a large number of
computational test problems. However, at very large time step6, functional
forms for the friction factor containing a strong velocity dependence can
drive instabilities, fractio? dependence for interracialas can a strong void-.
frictj.on in the two-fluid model. This is why the method i6 referred to as
stability enhancing raL’!er than unconditionally stable.

Because the basic form of the finite–difference operators (both spatial
and temporal) is consistent between the two steps, the order of accuracy of
the full SETS equations is the same (first order in space and time) as the
basic. semi-implicit equations 8-;0. This ronsistenc.y appears neces6ary to
prevent the development of feedback oscillations between the two 6teps. It
alto has the advantage of ensuring that, for modest time-step Size.s, the
results of any SETS calculation will approach those Vf tl~e basic
semi.-implicit equations.

Wc have found tlm SETS method part~cul,arly valuable when applied to the
ful L two-iluid model of two-phase flow. For this model the stabilizer
equntions add less L!~an ’20% LO tl~c romputiltl.onal cotit per cell per
the basic

step of
equation Set. A fully impll.rlt m(!tl)od rilulti.plies tl)is co6t by a

fartor of 6. The full finite-d]ffcrenrc r(]untlons for tllc! two-fluid model
arc ~ivcn [n the T.KAC-PF1 mi~nual, 1 ~~rl,udi n}; a useful variation on the

flnire-dlfIerenrc divurgcnrc opcriltor.

S01.[1’1’1 ON OF TIIK tlAS 1.(: K~IJAT1ON SKT

-11+ 1

“y - 1’ j.~.l
_ ;Ip

At[V’/ :,(V”+’ - fV”) - K~V; IV1;I t .:._... ..- :....]

1111 .. <ps;Axi
v, ,------.. .... . . . ..... . .. . ....-—---.-._—--.. , (17)

I I AL(2K’; lV~l t [N@’)



~vn+l
j+l/2 = At..— .—— ;

<p>; AXi(l + K~At IV; I + Aq3viFn)
*+1

dpj

and

~vn+l
j+l/2 dvl}+l

.- J+l/2—-. .

dp;~;
dp:+l

(14)

(15)

Equation 13 and thermodynamic equations givin}; p(p,’r) and e(p, T) are
substi tuted into equat ;.ons 9 and 10 to give a coupled system of nonltnc,nr

n+l fln~ ~y+lequations witl~ unknowns pJ (tildes have been dropped to simplify
notatl.on). The soiution of this system is ohtilin~d with a standard Newton
Iteration. G~vcn the latest guesses f ,)+1 ;,,,<,

P J
T~n+l for prcssules anti

Leml,ernturust wc ilssum~ t]ic solution LI) ])P

,)1]+1 ●11+1 + fil).= I)j
.1

(16)
.,

;111(1

,,, [1.1.I

.i
= ‘1’;”+1 + ti’r. .

.1
(17)

Al:l.l!r !iIIh!Iti LIIl:i IIx I!q II: Ill f)IIs 1’1-1/ IIILII LI1(l I)nf:lr 1’{IU:ILIOII Hut, milkl [1}:
t:l 1, llllrl!stiilry Tnylor fl(!rl~’li l’xl):lll:;lont;, :Illd ill’l:[~r (I I %(”ilr(ll ii}’, 110111 { nrilr ll!rms
I I (5])

.1 ““(’ “’’’.)’
tlli’ rt’ullil IIIU I [l](~;~r :II; I:;!; ;III,I ~’nt~r}ty 1.[111;11I 011:; :11”(1 I 11 1“11[,

! 1)1-111



(18)

where B 1s a 2 x 2 matrix. For the one-dimensional numerics the first- step
‘~ (accomp.jshedof the solution procedure is to multiply this equation by B

with a linear system solver), yielding

‘di,j bpj-l + (1 + d~,j + c~,j)bpj - c~,j ~pj+l = b[,j (19)

and

6Tj = b;,j + c~,j(bpj+l - bPj) - d~,j(bpj - bpj_l) , (2(J)

where b’ = B– ltJ , etc. All coefficients are stored, and then the set of—
eqllf,tioris represented by i9 is solved for all 6p .

j
l~inally, the known values

for pressure variations pre substituted i.ntu equation 20 to obtain
temperature changes, and ii re used Wi th equations 14 ilnd 15 for updated

velocities. G~VUll Lhcse changes, the next guesseF for new time pressures and
tCmperatUreb ar~! generated and used to obtain densities and energies. If

changes In 6T and 6p are too large, these guesses are used to return to
equations 16 and 17 to relinearize for another iteration for Lllc?
one-dimensional eqdations. As prcl~iously noted, tl]c three-dimensional flow
equ(atinns are not rel{nearized. In this case, time sLcp controls are used to
assure the ill’(!\Jrar?Y of a sin~lc IinearizaLion.

The principal di ffer::ncc i 11 Golution prucedurcs between Llle
orl~-di,mcns ional, and three-dlmcnstonal equnti.on sl?L:i romcs in the actual

solution of Lhc linenrlzcd pressurf: el,llntioll 19. For one dimension,
direct-so].ution ter.hrti,ques iilwnys arc umploycd. If too many (“ells a re
present [n tile tl)rue-dilnc~llsioil:il moricl. , aII i.tcrtit[vc m(!tl~ud is applied. ( Scc

ruferunre I or 2.)

~(JrrUIltLy, tl!c .Inrnhlan for LII12 systum is re–evaluated on cilc!l
Itcriltlon. TIIis muy not nlwuys IN ncrcssary, but for stl~iim-watur flows wf.th

l)llil S12 [’llfll’i};l! , it is oft(’n importnnr for ril])id r[)llvcrgenr~! (JL tllc iteration.



CODE A! ’I?!, JCATIONS

Because TRAC-PF1 has been available to the public for only one year,

most results have come from ~.ode aS :e!’sment ~alrulations. Before the release

of the code, we subjected it to developmental assessment. roilowing the

release of the rode to outside users, we hcgan the independent assessment.

Developmental assessment is concurrent Wi tll the final stages of cede

development, and the fins’. calculations are made with the released code

version. Independent assessment uses a fixed rode version, and no model.
chan,ges are allowed jn the code. Both types of assessment compare code

calculations to data from various expcrjm(’nt facfl~t~.es. The experiments

include separate-effects tests investigating phenomena such as nat~ral

c~rculatj.on, critical flow, :, nd rouncer–cllrrent flow. However, the bulk of

the assessment involves comparisons to data from integral tesLs that s~mulate

all necessary nuclear-reactor systems and that inrlude multiple phenomena

important to reactor safety.

we have analyzed tests from the Marvilken critical–flow facility, from

the Scmiscale facility, an electrically-powered simulator, and from the Loss-

of-Fluid-Test Facility (LOFT), a nuclear reactor designed to conduct tests.

The Marviken r.>mparisons 6 demonstrate t h t? capabilities of the new

crltiral-flow model. The nnalyses 7 tor Scrnisrole Tests S–O7-1OD, S-SB-I’1,

and S–SB-P7 show data comparisons for small-break loss-of-c.oola’lt-acci dent
(LOCA) simulations. Test S–07-101) is :1 small-brei~k LOCA with delayed

emergenry rore cooli ng (Ecc). ‘rests S-Sll-Pl and S-Si3-P7 investigate the

sensiti.vi.ty of a small-break Lf)CA to pump operation. The a for,analyses

Semi.srnlc Test6 S-lJT-6 and S-UT-7 invcsti}~nte tl~e sensitivity of small-break

LOCA to upper-head injection of ECC Wilter. The ;lnnlysis~ !If Semisr.alc Test

s-06-3 demonstrated the larg~?-break-l,()(;(l r;lpahility of t!~c rod{?. LOFT ‘rests

1,5.-1 and 1.8-2, intermediate-brc:lk LOCAs, have been analyzed; l” Test 1.8-2 hud

aclayed ECC and investigated tht! c!ffrrt of rusttlrLin~ the pump. Tllc various
fjiltil rompnrlsons sll[)w thtlt tllc rode rilll “ill.rlllllll’ tll(? phenomena important

I.OCA .

Co

W(! arc h~~~nning to illlillYZl! t(!Sts thilt (iem0nStriit(3 tllc non-1.OCA
Cill)ilbi l.lt~CS Of tl)C rode. Thcs[! tt!sl:s simuLatc opcr;ltfonal Lransicnts und

tile failures of various systems. “J’llv Inltlal data romparisonfill are for LOFT
TC’SE 1,9-1/L3-3. The iniLiaL pllil S1’ o f Ellls t(!st simul:lted Ll)c 1.0ss l)f
fc~!(lwiltcr Lo th(’ Serond:lry and i nrllldl![i il (iel. ay[’d rcilrtor scram. The scrond
l)llilSl} of :Ilc L(!st Inrl(dt!(i a filj I.lir(! of LII1! power-opcrnL!!(i rulief valve on
the prcssllr[zcrm In addition to (i(~n]f~ll:;tr;ltin}! tllr ral]:lhi litic~ ot tllc rod(!,

till: ;Illillys(?s sllowc(i tllc [mportilll(.u (*f (1(’t;ll [(!(i nlo(icl [11}{ () t i~l.1 scructur:ll

W(’ Il;lvc anillyz[!d 011(’ rL’;ll l? Lll~l l,~)~s-of-fc~dwilt[!rm;l!is~ls. 1“~’;l(.[:t)r trnllslcnt,

trdllsl(!llL ;It tlIe Crystal River ]mwl!r l)lill~t. Tili% tr;lnsil}llt Will’i less sevuwu
1.1); 111 1111,1 l,OFT ‘rest L9-1/14’~- 3, 1)11[. illrl(l(l(’(1 il (ict:li lu([ m(l[lvl.in~ of tll!? onrc -

t.llrtlu~;ll sl.(’~lm }\vn(lra Lor.



‘N)42 accurnu12ted experienr.e in tile application of TRAC-PE1 indicates

that the code generally is appliral)le t () a very wide range 01 thermal-
hydraulic transient’. and phenomena. The data r.omparlsons have indicated Eile
need for improvement in some of the r.onsti tutive relations, but the
fundamental set of field cquntions, to};ether with the riifferenc.ing scheme and
numerir.al tcchniqucs, is very flexible nnd stable.

CONCI.US1ONS

The methods presented here have proven to be extremely reliable tools
for rear.tor szfety analysis. They (~ii[l Ilandle a wide range of flllid
conditions and time Sra].es witl] minimal fai Lures, wl)ile maintaining time-step

sizes well ahovc those possihlc wi tll most otl)er techniques. This robustness
is due not on].y to the finite-all fferl=nr.e equations Ll]emselves, but also to

the rhoice of solution terllniqlle, berause poor!y rh~}sen iterative SOIULiOII

prucedur~:s often rcquir(? a limit on tl~c time-step siz~ for prupcr convergence
of t]~(! It~rdt{(J1l.
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